A new full field numerical approach for the simulation of dynamic and post-dynamic recrystallization will be detailed. A level set framework is employed to link the crystal plasticity finite element method with the modeling of recrystallization. Plasticity is calculated through the activation of slip systems and provides predictions for both SSDs and GNDs densities. These predictions control the activation and kinetics of recrystallization. All developments are validated for 304L stainless steel and implemented in the Digi-mu software for industrial purpose.
Introduction
The optimization of industrial forming processes relies on the understanding of the material behaviour under the deformation conditions. The mechanical and thermal properties of metallic materials are inherited from their microstructure properties. Metals are formed of microscopic-length crystals, also called grains, which evolve when they undergo large plastic strain and high temperature. It is essential to control the microstructural evolutions with regard to the final in-use properties.
During hot working, the energy is mainly released through heat dissipation. However, a small part of the energy remains stored in the material under the form of crystallographic defects, principally dislocations. Many mechanisms can then be activated to minimize this energetic potential, such as recovery, grain growth (GG) or recrystallization (ReX). The rearrangement of the microstructure during ReX is a complex phenomenon that is highly investigated in the literature [1] . During ReX, dislocations-free grains, called nuclei, emerge from atomistic rearrangement and growth over the old deformed grains. The nucleation of new grains can occur during the deformation (dynamic recrystallization, DRX) and continue during an annealing treatment (postdynamic recrystallization, PDRX), or it can be fully activated after the dynamic step during this posttreatment (static recrystallization, SRX).
An increasing number of industrial companies show a strong interest in modeling the microstructure evolutions at small scale. In that context modeling means to understand/predict some physical phenomena at work in ReX mechanisms, such as the evolution of the stored energy, the strain hardening effect of plastic deformation or the prediction of the grain size and orientation distributions. This understanding can be obtained either through the development of simplified models (mean field approaches, MFA) or through the development of deterministic finite element (FE) methods where the microstructure topology is described (full field approaches, FFA). Both approaches need to be linked with experimental data to ensure that the models fit well with the real physical phenomena. The FFA can be divided into two main categories (probabilistic or deterministic). The probabilistic methods, such as the Monte-Carlo [2] or the Cellular Automata [3] approaches which are based on a stochastic evolution of the state variables on a voxel grid. The deterministic methods rely on solving systems of partial differential equations (PDEs). The later are more precise but also more time consuming. Due to this limitation, the PDE systems are solved on a Representative Volume Element (RVE). RVE's must be as small as possible while being big enough to contain all the heterogeneities of the microstructure. The Vertex method [4] is based on a front tracking description of the microstructure. This explicit description can encounter difficulties to handle topological events such as the appearance or disappearance of grains mainly in 3D. Thus front capturing approaches, like the Phase field method (PF) [5] [6] and the level set method (LS) [6] [7] [8] [9] seem more adapted to the simulation of ReX. The use of a FE framework and the ad hoc meshing/remeshing capabilities allows also to reach large deformations of RVEs, which is not straightforward when dealing with regular grids such as in the Fast Fourier Transform methods (FFT) [10] . The PF formulation requires additional numerical parameter, like the interface width, whereas the LS formulation only relies on measurable physical and measurable quantities, which makes it more direct to use for solving the PDE systems of Crystal Plasticity Finite Element Method (CPFEM) and DRX.
This paper presents a full field approach in a LS framework and the first steps of its application to the simulation of DRX in 304L stainless steel.
Modelling of dynamic recrystallization
In this section, the solving of crystal plasticity problem using the FE method is presented. First we introduce the governing equations and the crystal plasticity PDE systems. Then, we describe the LS formulation used to represent the polycrystal RVE and the grain boundary motion due to the stored energy.
Crystal Plasticity Finite Element Method
The behaviour of the polycrystal during the deformation is described by a CPFEM model, based on a classical elasto-viscoplastic formulation in a Lagrangian formalism. We use the classic decomposition of the deformation gradient into an elastic and a plastic part.
(1)
In crystalline matter, the accommodation of plastic deformation is done through the activation of slip systems at the atomistic level. When the local stress on an atomic plan reaches a critical value, the atoms start to glide to accommodate the macroscopic deformation and create atomistic defects, mainly dislocations. In FCC material, there are twelve crystallographic slip systems {111} 110 that are likely to be activated with the plastic deformation. For each slip system , we need to determine the average velocity of a dislocation gliding. Here, the slip rate ̇ is calculated from the following viscoplastic exponential law:
where ̇ is the reference slip rate, is the sensitivity exponent, is the local shear stress on slip system and is the critical resolved shear stress (CRSS) required to activate the gliding.
is related to the macroscopic stress ̅ through the Schmidt tensor ̿ , which is calculated for each slip system , ̿ : ̅.
(3) For a FFC material, is supposed to be the same for all the slip systems, noted , and it is obtained solving the following dislocation-based hardening law:
with the initial CRSS, the Burger's vector norm, the shear modulus and a hardening coefficient to be identified with experimental data and chosen in the following as 1/2. The prediction of the dislocation density is then of prime importance for the integration of the behavior law. In this work, two type of dislocation densities are considered and the total dislocation density is the sum of those two dislocation populations. The statistically stored dislocation (SSD) is related to the velocity gradient with the Yoshie-Laasraoui-Jonas formulation [11]:
where and are material parameters related to the storage and annihilation of dislocations, respectively, and M is the Taylor factor. The geometrically necessary dislocations (GND) accumulate in regions of plastic gradient such as the grain boundaries in order to satisfy the geometric continuity. Hence they are predicted from the gradient of plastic deformation presented in [12] :
with the slip direction of the system. In the end, the PDE system can be summarized as shown in figure 1. 
Level-Set formulation
The LS method is used to describe the interfaces, here the grain boundaries. At each interpolation point of the finite element mesh (P1 interpolation), the LS function corresponds to the signed distance to the interface of a sub-domain . The position of an interface is known though the isovalue of its corresponding LS function. The sign convention used here is inside Ω and outside .
In the case of ReX, the displacement of the LS interface is done in an Eulerian way by solving the following transport equation according to a given velocity field ⃗.
For a grain boundary, the velocity ⃗ is a combination of the stored energy potential between the neighboring grains and the capillarity force at the interface,
The energy gradient between two neighboring grains , is calculated from the average dislocation densities of the grain i and j.
When working with large polycrystal, the number of LS functions required to describe all the grains can be very high. In this paper, we work with the Global Level Set (GLS) framework developed by Scholtes et al. and described in [13] for GG and [14] for SRX. The GLS methodology enables us to describe more than one grain with one LS function. The full fields and mean fields inherent to each grain are conserved individually and the problematics due to topological events, like grain coalescence, are handled by swapping the grains from one GLS to another. In the following, GGReX will denote the algorithm developed in [7] [8] and improved in [13] [14] to model grain boundary motion due the capillarity force and the stored energy.
Grain Growth and Recrystallization model
If we consider the ReX phenomenon modeling, we observe that the overall stored energy of the system must decrease. Physically, when a grain boundary is moving, it leaves a dislocation-free area behind. To reproduce this phenomenon in our FFA model, we chose to reset the dislocation densities SSD and GND behind the recrystallization front. Thanks to the LS functions describing the grain boundaries, it is easy to identify which area has been recrystallized and reset the energy field at the corresponding mesh elements. Figure 2 . illustrates how elements are identified behind the front (red hatched elements). At the atomistic level, the rearrangement of atoms behind the recrystallization front changes the local lattice orientation. It is commonly accepted that the new orientation in this area will be similar to the orientation of the grain it has grown from. To deal with this local orientation change, we chose to extend the orientation field of the growing grain behind the recrystallized front as shown in Figure 3 . Capillarity effects (GG) are also taken into account on the proposed formalism as described in [8] [13] [14] . 
Nucleation model
The nucleation events occur when the dislocation density reaches a critical value, meaning that the material has stored more energy than it can handle. In previous work at CEMEF [15] [16] , criteria for both SRX and DRX nucleation were proposed. For the DRX model, the critical dislocation density is obtained as a limit from a sequential equation:
with ̇ the macroscopic strain rate, the interfacial energy, M the mobility of the interface, a constant whose value is close to 0.3 [15] and the dislocation line energy. When an element of the domain reaches the critical value , a spherical new grain is introduced. In order to ensure that the nucleus do not shrink as soon as it appears, its initial radius is chosen greater than the local critical radius defined as follow:
.
All nuclei formed are dislocation-free new crystals. The initial dislocation density of a nucleus is then set equal to an annealing configuration,
. At their creation, we assume that their orientation is the same as the region of the parent grain they grow from. To model this aspect, the initial orientation field inside is set to the value from the center element of the nucleus, i.e. the element chosen to introduce the nucleus. Figure 4 illustrates how a new grain is introduced on the FE mesh. 
Case Studied
In o r d e r t o t e st o u r fo r m u la t io n w e b u ilt a cla s sic a l Ch a n n e l-Die t e st w h e r e a 3 D p o ly cr y s t a l RVE is d e fo r m e d . Th e m a t e r ia l in v e st ig a t e d h e r e is 3 0 4 L st a in le ss st e e l. All e xp e r im e n t a l d a t a w e r e o b t a in e d fr o m h o t t o r sio n t e st s u n d e r co n st a n t st r a in r a t e ̇ a n d co n st a n t t e m p e r a t u r e [ 1 4 -16] . Ho w e v e r , fo r t h e fir st sim u la t io n s d e scr ib e d in t h e fo llo w in g , w e fixe d a lo w e r st r a in r a t e v a lu e e q u a l t o o r ie n t a t io n fie ld a n d d islo ca t io n d e n sit ie s w h ile t h e d e fo r m a t io n o n t h e RVE d o e s n o t e xc e e d 3 %. Th e in it ia l RVE is a cu b ic p o ly cr y st a l t h a t co n t a in s 2 0 0 g r a in s fo r a m e a n g r a in siz e ̅ .
To g e n e r a t e t h e m icr o st r u ct u r e , a Vo r o n o ï t e ss e lla t io n a n d a LS im m e r s io n a r e u se d [17] . Bo u n d a r y co n d it io n s a r e im p o s e d o n a ll RVE e xt e r n a l fa c e s a n d r e sp e ct t h e co n st a n t st r a in r a t e ̇ d e scr ib e d p r e v io u sly . Th e m e sh u s e d fo r t h is sim u la t io n co n t a in e d r o u g h ly 1 0 0 000 e le m e n t s .
Also , a n a d a p t iv e m e sh r e fin e m e n t [18] is p e r fo r m e d e v e r y 5 % st r a in le v e l. At t h is v a lid a t io n st a g e , t h e im p a ct o f t h e ch o se n m e s h siz e w a s n o t y e t in v e st ig a t e d . In o r d e r t o r e p r e s e n t a n in it ia l a n n e a le d st a t e fo r t h e m a t e r ia l, t h e in it ia l GND d e n sit y is n u ll a n d t h e SSD d e n sit y is s e t a t a n e st im a t e d v a lu e o f . Th e CPFEM a n d GGRe X In t h e e a r ly st a g e o f t h e s im u la t io n , o n ly CPFEM is a t w o r k a n d t h e g r a in s a r e a ccu m u la t in g e n e r g y . Wh e n t h e e n e r g y g r a d ie n t b e t w e e n g r a in s b e co m e s sig n ifica n t it a ct iv a t e s t h e GG/ Re X m e ch a n is m s. Un d e r t h e co n st a n t st r a in r a t e a n d t e m p e r a t u r e co n d it io n im p o se d fr o m e xp e r im e n t a l d a t a , w e o b se r v e t h a t t h e e n e r g y r e d u c t io n t h r o u g h t h e g r a in b o u n d a r y m ig r a t io n is t o o im p o r t a n t t o r e a ch t h e e xp e r im e n t a l cr it ic a l v a lu e ca lc u la t e d a t fr o m Eq . 
Perspectives
Th is co a r s e ca s e is a fir st s t e p t o w a r d t h e sim u la t io n o f DRX. Fu r t h e r t e st in g o f t h e d e scr ib e d co u p lin g b e t w e e n t h e cr y s t a l p la st ic it y m o d e l a n d t h e GGRe X m o d e l fo r fin e r FE m e sh m u st b e ca r r ie d o u t . Fir st , w e w ill p e r fo r m s im u la t io n s u s in g t h e sa m e t h e r m o m e ch a n ic a l c o n d it io n s a s t h e e xp e r im e n t a l t o r s io n t e st s. Ou r n u m e r ic a l DRX m o d e l w ill t h e n b e v a lid a t e d t h a n k s t o e xp e r im e n t a l d a t a co n ce r n in g 3 0 4 L st e e l m a t e r ia l.
Th e n , it w ill b e in t e r e s t in g t o o b se r v e t h e RVE b e h a v io r w it h t h e in t r o d u ct io n o f t h e d islo ca t io n -fr e e g r a in s. On ce t h e n u cle a t io n h a p p e n e d , t h e so ft e n in g e ffe ct o n t h e st r a in st r e ss r e sp o n s e w ill b e in v e st ig a t e d . Fo r in st a n ce , w e co u ld o b se r v e t h e e ffe ct s o f h ig h e r st r a in r a t e c o n d it io n s o r lo w e r t e m p e r a t u r e s. Th e o r ie n t a t io n d e p e n d e n c e o f t h e n u cle i co u ld a lso b e a n in t e r e st in g 
